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Background: Urtica dioica agglutinin (UDA), a monomeric lectin extracted from
stinging nettle rhizomes, is specific for saccharides containing
N-acetylglucosamine (GlcNAc). The lectin behaves as a superantigen for
murine T cells, inducing the exclusive proliferation of Vβ8.3+ lymphocytes. UDA
is unique among known T cell superantigens because it can be presented by
major histocompatibility complex (MHC) molecules of both class I and II.
Results: The crystal structure of UDA has been determined in the ligand-free
state, and in complex with tri-acetylchitotriose and tetra-acetylchitotetraose at
1.66 Å, 1.90 Å and 1.40 Å resolution, respectively. UDA comprises two hevein-
like domains, each with a saccharide-binding site. A serine and three aromatic
residues at each site form the principal contacts with the ligand. The N-terminal
domain binding site can centre on any residue of a chito-oligosaccharide,
whereas that of the C-terminal domain is specific for residues at the
nonreducing terminus of the ligand. We have shown previously that oligomers
of GlcNAc inhibit the superantigenic activity of UDA and that the lectin binds to
glycans on the MHC molecule. We show that UDA also binds to glycans on the
T cell receptor (TCR).
Conclusions: The presence of two saccharide-binding sites observed in the
structure of UDA suggests that its superantigenic properties arise from the
simultaneous fixation of glycans on the TCR and MHC molecules of the T cell
and antigen-presenting cell, respectively. The well defined spacing between the
two binding sites of UDA is probably a key factor in determining the specificity
for Vβ8.3+ lymphocytes.
Introduction
Lectins form a class of proteins of vegetal or animal origin
displaying a high affinity and fine specificity for carbo-
hydrate residues. Urtica dioica agglutinin (UDA), a
monomeric lectin present in stinging nettle rhizomes, is
specific for chito-oligosaccharides (1–4 oligomers of
N-acetyl-D-glucosamine [GlcNAc]) [1]. The sequence of
UDA [2,3] shows that the 89-residue protein comprises
two hevein-like domains, each with the canonical pattern
of eight half-cystine residues bonded in the order 1–4,
2–5, 3–6 and 7–8, as observed in hevein itself [4], and
wheat germ agglutinin (WGA) [5]. Affinity measurements
have revealed a biphasic saccharide-binding behaviour,
suggesting that UDA possesses two binding sites with sig-
nificantly different affinity constants [6–8].
Although the physiological function of vegetal lectins is
poorly understood, these proteins can be powerful tools for
the analysis of various aspects of the immune response
through their capacity to bind to glycoproteins on cell
membranes [9]. Examples of such lectins are concanavalin
A [10] and phytohemagglutinin [11], which induce T cell
proliferation irrespective of the T cell receptor (TCR)
specificity, and are thus termed mitogens. UDA also binds
to various glycoproteins present on the membrane of T and
B cells [12], but in contrast to mitogenic lectins it only acti-
vates those murine T cells displaying the Vβ8.3 domain of
the TCR [13–15]. Moreover, UDA-induced T cell activa-
tion is dependent on the presence of antigen-presenting
cells (APCs) bearing major histocompatibility complex
molecules of class I (MHC-I) or class II (MHC-II): lym-
phocyte proliferation occurs in the presence of APCs
derived from MHC-I+II0 or MHC-I0II+ knockout mice, but
not from those that are MHC-I0II0 [13,16]. Co-receptor
binding might also be essential given that anti-CD4 mono-
clonal antibodies (mAbs) block proliferation [13].
The fine specificity of UDA for triggering only a limited
population of T cells, together with the requirement for
its display by MHC-I+ or MHC-II+ APCs, defines this
lectin as a superantigen (SAg), a class of pathogenic
immunomodulatory proteins, usually of bacterial or viral
origin, that activate restricted lymphocyte subsets by
binding to specific Vβ domains of the TCR (reviewed in
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[17–19]). Structural analysis of a number of bacterial SAgs,
either alone [20–24] or complexed to either the MHC-II
molecule [25,26] or the β chain of the TCR [27], has given
insight into the mechanisms involved in T cell activation
(reviewed in [28]). SAgs act by forming specific contacts to
the TCR and MHC molecule, thus maintaining the APC
and T cell in intimate association, with subsequent stimu-
lation of the latter. By contrast with conventional antigens,
however, which interact with the polymorphic regions of
the MHC molecule and the hypervariable regions of the
TCR, SAgs bind to more conserved regions of these two
molecules, leading to stimulation of an important fraction
of the total T cell population.
Bacterial SAgs are toxic products from various pathogens
that infect and multiply in the host. Although UDA is also
a SAg it has, by contrast, no known toxic effects in verte-
brates. Indeed, being produced by a rhizome, it has
evolved independently of any immune system. The inter-
actions of UDA with the MHC molecules, moreover,
differ from those of bacterial SAgs. Bacterial SAgs recog-
nise protein domains in regions outside the peptide-
binding groove [29,30] whereas UDA binds to glycan
components [13,16]. Chito-oligosaccharides block UDA
binding to MHC molecules and stimulation of T cells,
suggesting that the superantigenic activity of the lectin is
related to its attachment to glycosylated receptors. Struc-
tural studies of UDA bound to oligosaccharides should
therefore provide insight into the mechanism of antigenic
stimulation by this lectin.
We report here the crystal structure of UDA in the
ligand-free state and complexed with two different sac-
charides, N, N′, N′′ tri-acetylchitotriose and N, N′, N′′, N′′′
tetra-acetylchitotetraose, solved at 1.66 Å, 1.90 Å and
1.40 Å resolution, respectively. These structures reveal
the presence of two sugar-binding sites located at oppo-
site ends of the molecule. One of these sites can centre
on any residue of the chito-oligosaccharide whereas the
specificity of the other is restricted to the nonreducing
terminus of the ligand. We also show that UDA binds to
glycosylated TCR β chains, which is consistent with the
hypothesis that UDA activates T cells by simultaneously
binding to carbohydrates that are present on both the
TCR and MHC molecules.
Results and discussion
General description of the structures
The polypeptide chain of UDA is folded into two domains
related to the hevein motif, as predicted from the amino
acid sequence [2], with a saccharide ligand bound to each
domain in both saccharide complexes (Figure 1). The
polypeptide chain could be traced in the electron-density
maps from the N terminus to the final half-cystine at
residue 86 in all three crystal forms. Although weak
density extended beyond Cys86 in each case, it was not
sufficiently well defined to describe the conformation of
the last three residues at the C terminus. The electron
density at the N-terminal residue in all three structures
clearly showed the post-translational modification to the
pyroglutamyl residue. Analysis of the mainchain confor-
mation showed that a total of 84 %, 86% and 86% of the
residues from the ligand-free, trisaccharide and tetrasac-
charide crystal structures, respectively, fall in the most-
favoured regions of the Ramachandran plot as defined by
the program PROCHECK [31].
Analysis of the protein by mass spectrometry showed that
isoforms I, V and VI of UDA [32] were present. Sequence
differences between isoforms I and V are Ala14→Gly
(I→V), Trp16→Arg, Ser79→Gly and Lys80→Asn. Isoform
VI differs from isoform V only at position 9 where glycine
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Figure 1
Schematic view of the UDA–tetrasaccharide
complex. The polypeptide is traced from
residues 1–86 as an α carbon chain (shown
in green). The sidechains of the principal
binding-site residues (red) and cystine
bridges (yellow) are indicated. The saccharide
ligands at binding sites A and B of UDA are
shown in blue. This figure was created using
MOLSCRIPT [59] and Raster-3D [60]. 
is replaced by serine. Examination of the uncomplexed
crystal form showed that residue 14 could only be glycine
(isoforms V and VI) because the presence of alanine at this
position (isoform I) would lead to steric hindrance in the
intermolecular contacts. In this case, crystallisation would
select isoforms V and VI only. Consistent with this obser-
vation, residue 16 was clearly identified as arginine (iso-
forms V and VI) and not tryptophan (isoform I) even
though residues 79 and 80 could not be unambiguously
assigned. For the two saccharide complexes, however, no
such selection of isoform by crystallisation was evident. In
particular, the electron density for residue 16 could not be
identified as uniquely tryptophan (I) or arginine (V and
VI), and the structures were modelled as a mixture of the
isoforms. Indeed, none of the residues that differed
between isoforms I, V and VI was involved in crystal con-
tacts, suggesting that crystallisation of the two complexes
should not discriminate between the different polypep-
tides present in solution. A double conformation for the
mainchain segment including residues 79 and 80 was
evident in the electron density of all three crystal struc-
tures. This could reflect the effect of sequence differences
between the isoforms at these positions, although in the
case of the uncomplexed crystal form, only isoforms V and
VI, which are identical in sequence in this region, are
present. The dual conformation, in this case, might be
because of glycine residues at positions 78 and 79 permit-
ting conformational diversity. None of the residues that
differ between the isoforms contribute directly to the
binding of saccharide.
The electron density was well defined for the entire
trisaccharide ligand and the first three residues of the
tetrasaccharide ligand. The reducing terminal sugar ring of
the tetrasaccharide, which makes few intermolecular con-
tacts, had weaker electron density, indicating higher
mobility or disorder for this residue. The stoichiometry of
both saccharide complexes is one molecule of lectin to one
molecule of carbohydrate in the crystal. In each case,
however, the molecule of ligand is shared between two
distinct binding sites, located on the first and second
domains, respectively, of neighbouring molecules in the
crystal lattice (Figure 2). For describing the structure we
shall refer to the binding site on the N-terminal domain as
site A, and that of C-terminal domain as site B.
A small relative rotation of the two domains occurs
between the complexed and ligand-free crystal forms of
UDA. This is 2° for the trisaccharide complex and 6° for
the tetrasaccharide complex. These differences are minor,
however, and the distance between the two binding sites
does not change significantly in the different crystal struc-
tures. The movement can be attributed to the different
packing of molecules in the crystal lattices and, in particu-
lar, to the constraints of sharing a single saccharide ligand
by two neighbouring UDA molecules in the case of the
complexes. Nevertheless, the conformation of the
polypeptide chain of each domain is very similar in all
three crystal forms, indicating that no allosteric communi-
cation occurs between the two sites upon ligand binding.
The small domain movement therefore reflects a degree
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Figure 2
Stereoview of the molecular packing in the
unit cell (grey lines) of the UDA–(N, N′, N′′,
N′′′ tetra-acetylchitotetraose) complex. UDA is
drawn in red or blue, showing two adjacent
rows of concatenated protein molecules, and
the tetrasaccharide is in green. This figure was
created using VMD [61] and Raster-3D [60].
of intrinsic flexibility in the protein that is not correlated
to ligand binding when in solution.
Domain structure of UDA
To date, the three-dimensional structure of only two other
proteins containing the hevein fold have been determined
using X-ray crystallography. These are the single-domain
protein, hevein, [4] and WGA [33–36], a lectin comprising
two monomers with four hevein-like domains each.
Sequence and structural comparisons between the
domains of UDA, WGA and hevein are summarised in
Table 1 and Figure 3. The spacings between the first six
half-cystines are conserved in all domains and deletions
occur between the sixth and seventh and/or seventh and
eighth half-cystines. The largest structural difference
occurs between the two domains of UDA, contrasting with
the much closer similarity between the domains of WGA
itself. The first domain of UDA is more similar in struc-
ture to the domains of WGA than to the second domain.
The two moieties of the UDA molecule are connected by
a peptide segment comprising nine residues between the
last half-cystine of the first domain (Cys39) and first half-
cystine of the second domain (Cys49), and is thus four
residues longer than the segments connecting the four
hevein domains of WGA.
Saccharide binding by UDA
Hydrogen bonds formed between the protein and the car-
bohydrate, and the loss of solvent-accessible surface area
upon complex formation, are shown for both complexes in
Table 2. Binding site A interacts with all sugar residues of
both the trisaccharide and tetrasaccharide complexes.
GlcNAc2 makes the most important contribution, as
judged by the number of close interatomic contacts and
buried surface area, followed by GlcNAc1 and GlcNAc3.
In the case of the tetrasaccharide complex, the interaction
of GlcNAc4 with site A is weak. Domain B, in turn, inter-
acts mainly with GlcNAc1, with only a few contacts being
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Table 1
Comparison of the domains of UDA (UDA-A and UDA-B) and
WGA (WGA-A, WGA-B, WGA-C and WGA-D).
UDA-B WGA-A WGA-B WGA-C WGA-D
UDA-A 1.85 0.90 0.87 0.95 0.99
UDA-B 1.30 1.45 1.32 1.31
WGA-A 0.43 0.30 0.47
WGA-B 0.42 0.51
WGA-C 0.35
The matrix gives the root mean square differences in Ångström units
between α carbon positions of the aligned residues shown in Figure 3
after optimal superposition of the α carbon positions of pairs of
domains. The tetrasaccharide complex was used for these
calculations. Coordinates for WGA were taken from the Protein Data
Bank, entry 2wgc. The atomic coordinates of hevein were not available
for use in this comparison.
Table 2
Protein–ligand interactions at binding sites A and B of UDA for
the trisaccharide and tetrasaccharide complexes.
Distances (Å) Area (A2)
tri tetra tri tetra
Hydrogen bonds
Site A
GlcNAc1 O6 — Gln1 N 3.14 3.11
GlcNAc1 O6 — Cys24 O 3.28 3.42
GlcNAc1 O6 – Cys24 N 2.71 2.82
GlcNAc2 O3 – Tyr30 OH 2.66 2.71
GlcNAc2 O7 – Ser19 Oγ 2.64 2.70
GlcNAc4 O6 – Trp21 Nε1 – 2.93
Site B
GlcNAc1 O3 – Tyr76 OH 2.75 2.77
GlcNAc1 O7 — Ser65 Oγ 2.66 2.61
GlcNAc2 O6 — Asp75 Oδ1 – 2.69
Buried solvent-accessible area
Site A residues
Gln1 18.3 18.9
Ser19 10.6 11.8
Trp21 48.8 65.3
Trp23 59.5 60.3
Cys24 11.8 10.6
Pro29 12.4 12.0
Tyr30 28.2 30.1
GlcNAc1 54.5 57.5
GlcNAc2 92.0 91.0
GlcNAc3 43.7 42.4
GlcNAc4 – 24.8
Site B residues
Ser65 11.8 11.2
His67 45.5 45.1
Trp69 49.3 42.4
Cys70 1.7 2.0
Asp75 11.1 22.2
Tyr76 27.1 26.6
GlcNAc1 93.0 95.2
GlcNAc2 40.8 43.0
GlcNAc3 11.3 13.8
Figure 3
Structure alignments of UDA, WGA and hevein. For UDA and WGA,
the sequences are compared between the first and last half-cystines
only, whereas the complete sequence is given for the single-domain
lectin, hevein. The positions of deletions were chosen to give a
minimum in the rms difference between the α-carbon positions after
optimal global superposition of the domains.
UDA (domain A, 3-39)    CGSQGGGGTCPGLRCCSIWGWCGDSEPYCGR--TCQN-KC
                        ||       |    |||  | ||     |     ||   |
UDA (domain B, 49-86)   CGAAVGNPPCGQDRCCSVHGWCGGGQDYCSG-GNCQY-RC
                        ||       |    |||  | ||     |     ||   |
WGA (domain A, 3-40)    CGEQGSNMECPNNLCCSQYGYCGMGGDYCGK--GCQNGAC
                        ||       |    |||  | ||     |     ||   |
WGA (domain B, 46-83)   CGSQAGGATCTNNQCCSQYGYCGFGAEYCGA--GCQGGPC
                        ||       |    |||  | ||     |     ||   |
WGA (domain C, 89-124)  CGSQAGGKLCPNNLCCSQWGFCGLGSEFCGG--GCQSGAC
                        ||       |    |||  | ||     |     ||   |
WGA (domain D, 132-167) CGKDAGGRVCTNNYCCSKWGSCGIGPGYCGA--GCQSGGC
                        ||       |    |||  | ||     |     ||   |
Hevein (1-43)        EQCGRQAGGKLCPNNLCCSQWGWCGSTDEYCSPDHNCQS-NCKD
Structure
established to GlcNAc2. GlcNAc3 and GlcNAc4 (for the
tetrasaccharide) make no close contacts at all with this
binding site.
The saccharide-binding sites on the two domains of UDA
closely resemble one another and make similar interactions
with the ligand in both complexes. The principal ligand-
contacting residues are Ser19, Trp21, Trp23 and Tyr30 at
site A, and the homologous residues, Ser65, His67, Trp69
and Tyr76, at site B (Figure 4). These residues, which con-
tribute a strong aromatic component to the binding, are
homologous to those of the primary subsites on each of the
four hevein domains of WGA [37]. GlcNAc1 and GlcNAc2,
which form the major contacts with binding sites B and A,
respectively, make essentially identical interactions with
the protein in both complexes. Firstly, at site A the N-acetyl
group of GlcNAc2 inserts into a pocket such that its car-
bonyl group forms a hydrogen bond to Oγ of Ser19, and the
C3 hydroxyl group of the same sugar ring forms a hydrogen
bond to the phenolic group of Tyr30. In the same manner,
the N-acetyl and C3 hydroxyl groups of GlcNAc1 form
hydrogen bonds to Ser65 and Tyr76, respectively, at site B.
Secondly,  GlcNAc2 packs against the aromatic rings of
Trp21 and Trp23 at site A and GlcNAc1 makes similar con-
tacts to His67 and Trp69 at site B. Thirdly, GlcNAc3 packs
against Trp21 at site A, and GlcNAc2 packs against His67 at
site B. The interactions of His67 with GlcNAc1 and
GlcNAc2, however, are less extensive than those of Trp21
with GlcNAc2 and GlcNAc3 owing to the smaller size of
the histidyl sidechain. There is no significant change in the
sidechain conformation of the binding-site residues
between the free and complexed forms of UDA except for
Trp69 in the trisaccharide complex, which displays two
conformers with the χ2 angle differing by 180°. Like WGA
[34], UDA binds to N-acetylneuraminic acid (NeuNAc) [6],
which also presents an equatorial N-acetyl group adjacent to
an equatorial hydroxyl group as in GlcNAc.
The unusual sharing of one saccharide between sites A
and B of neighbouring molecules in the crystal lattice is
made possible by the particular ψ,φ dihedral angles of the
glycosidic bond adopted by the GlcNAc oligomer. In this
configuration, which is close to that observed in other
chito-oligosaccharides (Table 3), the saccharides assume
an extended conformation in which consecutive sugar
rings present the N-acetyl group on alternate sides of the
ligand. Accordingly, the N-acetyl and C3 hydroxyl groups
of GlcNAc1 and GlcNAc2 are correctly positioned to
make similar contacts to sites B and A, respectively,
located on separate molecules.
Although the structure of UDA has been determined in
the free and complexed states, the presence of close inter-
molecular contacts at both binding sites in the unbound
form limits an analysis of the changes in hydration upon
fixing ligand. At site A of the uncomplexed lectin, Oγ of
Ser19 and the phenol group of Tyr30 each form a hydro-
gen bond to mainchain carbonyl groups of a neighbouring
molecule, whereas Trp21 forms nonpolar intermolecular
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Figure 4
Stereoview showing the interaction of two
adjacent molecules of UDA in the
tetrasaccharide complex with a single
molecule of ligand. Site A is shown in red, site
B in green, and the shared tetrasaccharide
ligand in blue. The four principle ligand-
contacting residues are indicated for both
sites (see text). Hydrogen bonds to the
ligands are shown as dashed lines. This figure
was created using MOLSCRIPT [59] and
Raster-3D [60].
Table 3 
Glycosidic dihedral angles of N, N′, N′′ tri-acetylchitotriose and
N, N′, N′′, N′′′ tetra-acetylchitotraose as observed in the crystal
structures.
tri tetra
Bond ψ φ ψ φ
GlcNAc1 – GlcNAc2 –79° –126° –88° –128°
GlcNAc2 – GlcNAc3 –85° –128° –90° –134°
GlcNAc3 – GlcNAc4 – – –69° –121°
Angle ψ is subtended by atoms (O5-CA-O4-C4) and angle φ is
subtended by atoms (C1-O4-C4-C5). The (ψ,φ) angles of α-chitin are
(–94°,–150°) [62] and those of β-chitin are (–98°,–143°) [63]. The
dihedral angles of N, N′, N′′ tri-acetylchitotriose bound to lysozyme are
(–79°,–121°) and (–74°,–124°) for the two glycosidic bonds [64].
contacts. At site B, His69 and Trp69 also make non-polar
intermolecular contacts. Nonetheless, the structures show
that a water molecule hydrogen bonded to Oγ of Ser65 in
the ligand-free lectin would be expelled from site B upon
binding ligand. We predict that Ser19 would be similarly
hydrated for uncomplexed UDA in solution.
Contacts of the trisaccharide and tetrasaccharide with
site A or B remain largely conserved in spite of the dif-
ferent molecular packing in the two crystalline com-
plexes. The difference in alignment between the
trisaccharide and tetrasaccharide at site A or B is only 5°
(Figure 5a,b), with the ligand pivoting on the N-acetyl
group, which forms the principal anchor to the protein.
By contrast, the difference in alignment between the
trisaccharide or the tetrasaccharide ligands after optimal
superposition of domain A onto domain B of their
respective complexes (Figure 5c) is 26°. These differ-
ences suggest that the orientation of bound carbohydrate
on each domain is influenced more by factors intrinsic to
each binding site than by the different crystal environ-
ments of the two complexes.
The addition of GlcNAc residues can be modelled at either
end of the tetrasaccharide without steric hindrance from
domain A of UDA, thus implying that site A can attach to
any residue on the chito-oligosaccharide chain. For domain
B, however, additional residues cannot be added to the
nonreducing terminus of the ligand (GlcNAc1) without
engendering steric hindrance with His47. The specificity of
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Figure 5
Stereoviews comparing the orientations of the
tri- and tetrasaccharide ligands at binding
sites A and B. (a) View of the molecular
surface of site A showing the tri- and
tetrasaccharide ligands in red and green,
respectively. (b) View of the molecular surface
of site B showing the tri- and tetrasaccharides
in red and yellow, respectively.
(c) Superposition of the α-carbon skeleton of
domain A (red) onto domain B (white) for the
tetrasaccharide complex. The ligand at site A
is green and that at site B is yellow. This
figure was created using VMD [61] and
Raster-3D [60].
site B therefore appears to be restricted to the nonreducing
terminus of the chito-oligosaccharide chain. The specificity
of WGA is similarly restricted to the nonreducing terminus
of chito-oligosaccharides because an extension of one
GlcNAc residue at this end of the ligand would overlap
with an interdomain-linking peptide on the other monomer
of the dimeric lectin at all potential binding sites. Thus,
ignoring the weak contribution of GlcNAc4 to the binding
of the tetrasaccharide, site A of UDA comprises three sub-
sites, whereas site B consists of only two.
NMR studies of the binding of oligosaccharides to UDA
in solution have indicated the presence of two binding
sites: a high affinity site in which Trp21, Trp23 and Tyr30
are implicated, corresponding to site A in the structure,
and a low affinity site that includes Trp69 and Tyr76 from
domain B [8]. Binding data from equilibrium dialysis, with
N, N′, N′′, N′′′ tetra-acetylchitotetritol as ligand, produced
curvilinear Scatchard plots that could be interpreted by a
non-interacting two-site model with dissociation constants
of 0.0024 mM and 1.7 mM [6]. The crystal structure
results reported here, which are consistent with these
studies, offer a detailed view of the intermolecular inter-
action between lectin and saccharide. The difference in
the affinity constants between the two sites appears to be
mainly because of the restricted specificity of site B for
saccharides with GlcNAc (or NeuNAc) at the nonreducing
terminus of the oligosaccharide, as suggested by the struc-
ture, and the smaller number of subsites thus possible on
the C-terminal domain.
Binding of UDA to the TCR β chain
We have previously shown that the presentation of UDA
by an APC results from its binding to a glycan on the
MHC molecule because the bound lectin can be displaced
by the addition of chito-oligosaccharides [16]. To comple-
ment these studies, we have examined the binding of
UDA to glycans present on the β chain of the TCR from
transgenic murine Vβ8.3+ T cells. Purified T cells were
biotinylated and lysed, and the proteins of the lysate were
incubated with sepharose-bound anti-Vβ8.3 mAbs or
UDA-gel. The proteins specifically retained by the gels
were analysed by sodium dodecylsulphate polyacrylamide
gel electrophoresis (SDS-PAGE). As shown in Figure 6,
UDA selected a 42–45 kDa protein (lane 5) that was iden-
tified as the β chain of the Vβ8.3+ TCR by a specific mAb
(lane 3). The addition of UDA-specific saccharides inhib-
ited the selection of the β chain of the TCR by the lectin
(lane 6), but had no effect on the immuno-selection of the
Vβ chain by anti-TCR antibodies (lane 4). We conclude,
therefore, that UDA is able to interact with the glycans
present on the Vβ8.3 TCR β chain of T lymphocytes.
Superantigenic behaviour of UDA
The participation of glycans present on the TCR and
MHC molecules in the binding of UDA, together with
our crystallographic results demonstrating the presence of
two saccharide-binding sites on the lectin, suggest that
the superantigenic behaviour of UDA is because of its
ability to simultaneously interact with two glycans located
on these two respective glycoproteins. Although UDA
binds to other proteins on the T cell and APC, the TCR
and MHC molecules are mandatory for signalling the
induction of soluble and membrane-bound molecules by
the APC that leads to T cell proliferation [13,16]. The
binding of UDA to other glycoproteins does not induce
the necessary stimulatory signals. Thus, the specific stim-
ulation of Vβ8.3+ T cells by UDA might depend critically
on the disposition the two saccharide-binding sites on the
lectin. Also implicit in this hypothesis, the relative posi-
tioning of the MHC and Vβ8.3+ TCR molecules should
be maintained within certain limits by specific contacts in
the ternary TCR–UDA–MHC complex in order to
explain the fine specificity observed in the stimulation by
UDA. Knowledge of the distribution of glycan structures
on the TCR and MHC molecules is therefore essential
for understanding the specificity of UDA-induced prolif-
eration of T cells.
Although the location of glycans on TCR molecules
expressed naturally on T lymphocytes has not been deter-
mined experimentally for any Vβ domain, putative N-gly-
cosylation sites on the ensemble of murine Vβ segments
are distributed over a large portion of the external surface
of this domain in the Vα/Vβ dimer. For the Vβ8.3 domain,
however, Asn18 (Kabat residue numbering [38]) is the
only potential N-glycosylation site, thus implicating a
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Figure 6
Binding studies of UDA to surface-biotinylated proteins from Vβ8.3+ T
lymphocytes by SDS–PAGE (see Materials and methods): molecular
weight markers (lane 1); lysates of purified surface-biotinylated mouse
T lymphocytes (lane 2); lysates precipitated with anti-TCR β chain
coupled to protein G-sepharose beads in the absence of saccharides
(lane 3) and presence of saccharides (lane 4); lysates precipitated with
UDA-gel in the absence of saccharides (lane 5) and presence of
saccharides (lane 6). The arrow on the right of the figure indicates the
band corresponding to TCR β chain.
97
68
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Structure
glycan linked to this residue in the fine specificity of UDA
stimulation. Although Vβ1 also has a potential N-glycosy-
lation site at position 18, Vβ1+ T cells are not stimulated
by UDA even though the population Vβ1+ lymphocytes in
BALB/c mice is above the threshold necessary to observe
a response in the proliferation assay [13]. Furthermore, T
cells from SJL mice, in which the population is Vβ1+ but
with the Vβ8 gene family deleted, are unresponsive to
UDA stimulation [13]. Thus, either Asn18 of Vβ1 does not
carry a glycan, making glycosylation at this position
unique to Vβ8.3, or the deletion of position 16 in the Vβ1
sequence sufficiently alters the disposition of the glycan
to prevent superantigenic stimulation.
Murine MHC molecules have three potential N-glycosyla-
tion sites, located at positions 86, 176 and 256 of the class I
α chain, and for class II, at positions 78 and 118 of the α
chain and position 19 of the β chain [39,40]. Only those
sites at α chain positions 86 of class I and 78 of class II,
however, are invariant. In addition, these are the only two
sites that form a homologous pair, both being positioned
immediately beyond the C-terminal end of the first helix
forming the peptide-binding groove [41,42]. Optimal
superposition of the α1β1 dimer of the class II MHC mol-
ecule onto the α1α2 dimer of class I MHC molecule
places the α carbon positions of these two residues to
within 3.8 Å of each other. The equivalent role of class I
and class II MHC molecules in specifically presenting the
superantigen UDA to Vβ8.3+ T cells suggests that the
lectin should bind to both antigen-presenting molecules
in a similar manner. This would be the case if UDA were
to attach to the glycan at Asn86 of the class I MHC α
chain and at Asn78 of the class II MHC α chain when
forming the ternary superantigenic complexes.
Crystal structure analyses of conventional antigenic
TCR–MHC–peptide complexes show that the docking of
the two glycoproteins varies, with the TCR variable
domains lying diagonally across the class I MHC peptide-
binding groove [43–45], but orthogonally in the case of the
class II MHC complex [46]. In each case, however, the Vα
complementarity-determining regions contact the class I
MHC α2 or the class II MHC β1 domains. Given that the
separation between the saccharide-binding sites of UDA
is well defined, thus imposing potential limits on the
arrangement of the TCR and MHC molecules in the
ternary superantigenic complex, these components are
likely to be disposed differently, at least in detail, with
respect to the conventional antigenic complex, as has been
found for the bacterial superantigens [28]. Nevertheless, it
is interesting to note that the glycosylation sites on the
TCR Vβ domain at Asn18 and on MHC α1 residues
Asn86 (class I) or Asn78 (class II) occur on the same side
in all conventional antigen complexes examined to date,
with a separation ranging between 38 Å and 49 Å. These
distances are comparable with the 34 Å separation
between the central sugar rings at binding sites A and B of
UDA. It is also of interest to note, however, that the semi-
conserved glycosylation site at residue 118 of the class II
MHC α2 domain is 47 Å from Asn18 of Vβ in the conven-
tional antigenic complex [46]. 
Thus, although the structural basis of the fine specificity
for Vβ8.3+ TCR in UDA stimulation remains to be fully
defined, the present structural results indicate that certain
constraints apply to the formation of the ternary complex.
Firstly, the well-defined spatial disposition of the saccha-
ride-binding sites of UDA should be a key factor in deter-
mining the TCR specificity. Secondly, the restricted
specificity of binding-site B of UDA for nonreducing ter-
minal residues, as seen with the chito-oligosaccharide com-
plexes, and the capacity of the lectin to bind to NeuNAc as
well as GlcNAc, would suggest that the occurrence of the
former sugar residue at the extremities of at least some of
the glycan antennae naturally present on the TCR and
MHC glycoproteins is essential for superantigenic activity.
These considerations highlight the importance of further
structural studies of the lectin that include saccharide frag-
ments derived from these glycans, and the TCR and MHC
molecules, in order to fully understand the molecular basis
of UDA-induced stimulation of T cells.
Biological implications
The lectin Urtica dioica agglutinin (UDA), present in
the rhizomes of stinging nettles, is unique among all
known T cell superantigens in that it can be presented
by both class I and class II major histocompatibility
complex (MHC)-bearing antigen presenting cells
(APCs). The ability to stimulate Vβ8.3+ T cells is linked
to the lectin’s specificity for GlcNAc and NeuNAc
because added chito-oligosaccharides compete with the
T cell receptor (TCR) and MHC molecules for binding
to UDA, and inhibit superantigenic activity.
The crystal structure of UDA, determined in the free
state as well as in complexes with tri-acetylchitotriose
and tetra-acetylchitotetraose, shows the presence of two
independent saccharide-binding sites separated by 34Å,
which are located, respectively, on each of the two
hevein-like domains of the protein. The binding site on
domain A can centre on any GlcNAc residue of the
chito-oligosaccharide whereas that on domain B is
restricted to residues at the nonreducing terminus. The
specificity of UDA for GlcNAc and NeuNAc is deter-
mined essentially by N-acetyl and hydroxyl groups being
positioned adjacent to each other in equatorial positions
on the sugar ring. This suggests that lymphocyte stimu-
lation arises from the binding of UDA to GlcNAc and
terminal NeuNAc residues naturally present on the
glycans of the TCR and MHC molecules, thus forming
a bridge between the T cell and APC. The equivalent
role of either class of MHC molecule in presenting
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UDA to the T cell suggests that glycans attached to
Asn86 of the class I α chain and Asn78 of the class II α
chain might be involved. For the TCR, Asn18 is the
only putative N-glycosylation present on the Vβ8.3
domain. Structural studies suggest, interestingly, that
these glycosylation sites on the MHC molecule and
TCR are positioned on conventional antigen–receptor
complexes at distances comparable to the separation
between the two saccharide-binding sites of UDA.
Materials and methods
Crystallisation
UDA was obtained as described previously [1]. Crystals of uncom-
plexed UDA were grown by vapour diffusion using the sitting-drop
technique. Conditions were similar to those reported by Lode et al.
[47]. The buffer contained 50 mM sodium acetate at pH 5.5–6.5,
0.1 M sodium chloride and 6% PEG 6000, and the protein concentra-
tion ranged from 6–12 mg/ml. Crystals of the two saccharide com-
plexes were grown in the same buffer and pH range, with the protein
concentration at 10 mg/ml. The trisaccharide concentration was 9 mM
and the tetrasaccharide concentration was 3 mM, giving ligand:UDA
ratios of 9:1 and 3:1, respectively.
Diffraction data measurements and heavy-atom analysis
Diffraction data from native UDA in the free and saccharide-bound
crystal forms were measured at the synchrotron beam lines D41 and
DW32 at LURE (Orsay, France). Searches for heavy-atom derivatives
for phase determination were made with crystals of the uncomplexed
form of UDA only. Two distinct mercury derivatives were prepared
using p-hydroxymercuryphenyl sulphonic acid and mercuric acetate in
heavy-atom soaking experiments. Derivative data were measured using
Cu-Kα radiation from a Rigaku RU-300 rotating anode X-ray generator.
Three independent data sets for the mercuric acetate derivative were
collected. All native and derivative diffraction data were measured at
ambient temperature with a MAR-Research imaging plate detector.
Bragg intensities were integrated with the programme HKL [48], and
equivalent reflections were scaled and merged using the programme
SCALEPACK [48]. 
The heavy-atom derivative data were scaled to the native using the
CCP4 programme SCALEIT [49]. Heavy-atom positions were deter-
mined from isomorphous and anomalous difference Patterson maps,
and the atomic parameters were refined to 2.45 Å resolution with the
programme MLPHARE [50]. The two independent mercuric derivatives
each had three sites, two of which were in common. The correct enan-
tiomorph was determined by simultaneously refining the anomalous
heavy-atom occupancies in all derivatives. Details of data reduction and
heavy-atom analysis are given in Table 4.
Structure determination and refinement
The MIR phases for the uncomplexed UDA were refined by a proce-
dure of density modification by the programme DM [51]. The structure,
which could be readily traced in the resulting electron-density map,
was refined with the programme REFMAC [52] using a bulk-solvent
correction. An anisotropic structure factor scale was used in the refine-
ment to account for the anisotropic diffracting power of the crystals
evident in the measured data.
The structures of the two saccharide complexes of UDA were deter-
mined using molecular replacement based on the coordinates of the
uncomplexed form using the programme AMoRe [53]. The rotation and
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Table 4
Crystallographic data.
Ligand-free Tri Tetra
Crystal parameters
Space group P212121 P212121 P212121
Unit-cell dimensions
a,b,c (Å) 31.30, 41.60, 77.10 38.78, 46.16, 57.25 31.82, 39.60, 63.64
Z 4 4 4
Vm (Å/D) 2.7 2.6 2.0
Data collection statistics
Resolution range (Å)
Overall 18.0–1.66 25.0–1.9 25.0–1.40
Highest resolution shell 1.72–1.66 1.97–1.90 1.45–1.40
No. of unique reflections 11,689 8283 15,499
Data redundancy* 12.5 (8.9) 3.9 (3.9) 9.4 (7.3)
Completeness (%)* 95.4 (84.6) 96.9 (98.0) 96.5 (94.2)
Rmerge* 0.056 (0.352) 0.102 (0.473) 0.049 (0.328)
% with I/σ* < 3.0 12.9 (37.5) 26.8 (58.2) 10.0 (29.5)
Heavy-atom analysis, UDA (ligand-free form)
Resolution range (Å) 20.0–2.45
Mean figure of merit 0.705
No. of reflections phased 3102
Derivatives used for phasing †PHMPS ‡HgAc2 HgAc2 HgAc2
Resolution range (Å) 20.0–3.5 20.0–2.45 20.0–2.45 20.0–2.45
No. of sites 3 3 3 3
Overall phasing power
(acentric) 1.05 4.27 4.05 3.90
(centric) 0.95 2.29 2.20 2.19
*Values for highest resolution shell are given in parentheses. †p-Hydroxymercuryphenyl sulphonic acid. ‡Mercuric acetate.
translation functions, calculated to 3.0 Å resolution, gave unambiguous
solutions for placing both complexes in their respective unit cells. Dif-
ference electron-density maps based on the molecular replacement
results clearly showed bound ligand in both complexed forms. Atomic
parameters were refined with the programme REFMAC using bulk-
solvent corrections. Details of the refinement statistics for the three
crystal forms of UDA are given in Table 5. 
Affinity selection of biotinylated cell surface proteins and
SDS–PAGE analysis
Spleen cells from transgenic TCR Vβ8.3 mice (HNT-TCR on BALB/c
background [54]) were depleted of red cells, B cells and adherent cells
by incubation with WGA as previously described [55,56]. The purity of
enriched T cell population was analysed by flow cytometry (90% of the
recovered cells were CD3+ cells, data not shown).
Purified T lymphocytes (5 × 107 cells/ml) were incubated with 3-sulfo-
N-hydroxy-succinimido biotin (0.5 mg/ml, Sigma) in PBS for 30 min at
room temperature, and washed with cold RPMI (Gibco BRL) to remove
unreacted reagent. The cell-surface-biotinylated lymphocytes
(5 × 107 cells/ml) were solubilised for 30 min at 4°C in freshly prepared
lysis buffer containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl, 0.5%
NP40, 0.5% BSA, 0.5% Tween 20, 5 mM EDTA, 1 mM iodoacetamide
and protease inhibitors (10 µg/ml leupeptin, 10 µg/ml aprotinin and
1 mM AEBSF). The cell lysates were centrifuged to remove particulate
material and nucleic acids.
The monoclonal antibody H57.597, specific for the TCR Cβ domain [57],
was coupled to protein G-Sepharose beads (Pharmacia, Uppsala
Sweden). Supernatants containing biotinylated cell surface proteins were
incubated with antibody-coupled beads or with UDA-Gel (EY Lab. Inc.) in
either the presence or the absence of 0.5 mg/ml of N, N′, N′′ tri-acetylchi-
totriose and N, N′, N′′, N′′′ tetra-acetylchitotetraose for 1 h at 4°C. Analy-
sis of the proteins selected by the two types of bead was carried out using
the procedure previously described [58]. The proteins were transferred to
a nitrocellulose membrane (Hybond ECL, Amersham) for 1 h at 400 mA
and the proteins were detected using the enhanced chemioluminescence
(ECL) protein detection system (Amersham). The chemioluminiscent blots
were exposed to Hyperfilm ECL (Amersham) for recording.
Accession numbers
Coordinates have been deposited in the Protein Data Bank with entry
codes 1eis, 1enm and 1en2 for the uncomplexed form, the trisaccha-
ride complex and the tetrasaccharide complex, respectively.
Note added in proof
K Harata and M Muraki have reported the structure of UDA and its tri-
acetyl chitotriose complex (J. Mol. Biol. (2000) 297, 675-681).
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